This paper proposes a model predictive control (MPC)-based torque distribution strategy for the distributed drive electric vehicles to improve the vehicle stability and drivetrain energy efficiency. A 2-DoF vehicle dynamic model is developed to calculate the desired vehicle states and yaw moment, which are used as the reference signals in the MPC controller. An energy efficiency-based torque distribution strategy and a minimum power loss-based strategy are respectively presented to control the wheel torque within the constraints of yaw moment and demand driving torque. Quadratic programming (QP) is adopted to solve the problems with objective functions of these two strategies. Finally, the proposed strategies are evaluated based on a co-simulation of CarSim and Matlab/Simulink. The results indicate that the energy efficiency-based strategy can significantly improve the vehicle yaw stability and reduce energy consumption compared to the vertical load-based distribution strategy.
Introduction
Increasing environmental concerns and road safety issues have made distributed drive electric vehicles (DDEVs) more and more promising as an effective means to reduce environmental pollution and improve the safety. As a new electric drive configuration of electric vehicles, DDEVs with four independent in-wheel motors are able to achieve continuous and accurate control of the wheel torque independently, which provides ideal conditions for vehicle yaw stability control and energy saving [1] . Meanwhile, the redundant actuators, i.e. the motors, have improved the requirements for the control strategy and algorithm [2] . Therefore, the torque distribution strategy is a very important research topic in the DDEVs.
The prior torque distribution control studies for the DDEVs mostly only focused on the vehicle stability control or the optimization of energy [3, 4, 5] . Sakai et al. [5] developed a dynamic driving/braking force distribution for electric vehicles with four in-wheel Paper ID: ICEIV2018-162 motors, which was able to stabilize the vehicle effectively. However, the sudden braking force could make the speed slow down and the driver uncomfortable. Yuan et al. [4] investigated an energysaving-based torque distribution scheme. In [4] , different torque distribution was constructed in the high-torque and low-torque regions of front and rear motors, while it may lead a prodigious and impractical yaw moment during the control process if only the energy consumption is considered.
In recent years, model predictive control (MPC) [6] has made significant progress in DDEVs [7, 8] , which is a kind of control algorithm for rolling solving the optimization problem with soft or hard constraints [8] . Ren et al. [7] proposed a nonlinear MPC-based torque distribution strategy to enhance the handing performance. But the nonlinear optimization problem is hard to be solved, especially when the algorithm needs to run online. Thus, the lateral characteristics of tires is simplified with the linear tire model in this paper.
In this paper, a MPC-based torque distribution strategy for DDEVs is proposed to minimize the drivetrain power loss and improve vehicle stability, as shown in Figure 1 . In Section 2, the desired yaw moment is calculated through the MPC controller. In Section 3, the energy efficiency-based torque distribution strategy is developed. Section 4 presents the simulation results of proposed strategy and comparison strategies. 
Vehicle desired yaw moment
The vehicle yaw rate and sideslip angle of CG are the parameters that characterize the stability of the vehicle, which have significantly effect on the course angle and the driving states of the vehicle. In this section, a 2 DoF reference model is built to determine the ideal states of the vehicle. For the further application in torque distribution, the MPC controller generates the desired yaw moment by tracking the reference states.
2 DoF reference model
2 DOF bicycle model is chosen as the reference model for the vehicle yaw stability control. In the model, the distance between the wheels of front and rear axles is ignored and the pitch and roll motion of the vehicle is not considered. In addition, the longitudinal velocity x v is assumed to be constant in this paper. Hence, the longitudinal traction formula can be further ignored. The lateral and yaw motion of the vehicle can be described separately in the following equations [9] , (2)
Since the steering angle is relatively small, the lateral front and rear tire forces are linear as follows,
Plugging (3), (4), (5) and (6) into (1) and (2), we can obtain the following state-space equation,
Hence, the desired yaw rate can be calculated in the transfer function from steering angle to yaw rate as follow,
Ideally, the sideslip angle of CG tends to zero. Thus, the desired sideslip angle is expected to be zero, i.e., 
MPC controller design
On the basis theory of MPC in [6] , MPC controller is able to track the reference value under constrains. At any sample time, the controller applies optimization input on the predictive model for next N sampling periods, while the output of the next P sampling periods is predicted. N and P are respectively identified as the control horizon and prediction horizon. Meanwhile, to Paper ID: ICEIV2018-162 minimize the output deviations from the desired value, the reference signal must contain the current reference value for output at each control instant. Hence, MPC is exceedingly suitable for dealing with tracking problems.
To obtain the desired yaw moment zd M  , the yaw moment is set as the input of the MPC controller, while  and  are the outputs, where the sets The control objective is to force the output to track the reference signal quickly and precisely as follow, 
When a weight coefficient is adjusted up, the control effect of corresponding output will increase, i.e., the optimized value will reduce. Furthermore, the constraints of MPC controller need to be designed. As the capability of actuators in DDEVs such as the motors is limited, the value of yaw moment should be restricted as follow,
is the demand driving torque when the vehicle runs at uniform speed
x v on the horizontal ground. Meanwhile, there is no constraint on  and  .
Torque distribution strategy
As DDEVs is a type of over-actuated system in which a number of inputs is more than its output states, the implementation method of distributing the demand driving torque to each wheel is infinite. Hence, an optimization-based torque distribution strategy is necessary to achieve an optimal and unique control allocation. In this section, an energy efficiency-based torque distribution strategy is proposed where the lateral stability of DDEVs has been taken into consideration.
Vertical load-based strategy
When the vehicle is stationary on the horizontal ground, the four-wheel vertical load is determined by the vehicle's centroid position, which can be regarded as a constant. But when the vehicle is in motion on the horizontal ground, the four-wheel vertical load is also affected by the longitudinal and lateral acceleration of the vehicle. Therefore, the vehicle torque can be initially allocated according to the ratio zi f c of the vertical load of a certain wheel to the sum of the four vertical loads, i.e.,
The vertical load of each wheel is, 
3.2 Efficiency-based strategy
Motor maximum-efficiency curve
Due to the power loss of the drive motor and the motor controller and the reducer during energy conversion and power transmission, it is difficult for the power outputted by the power battery to be completely converted into mechanical energy. The motor of the DDEVs in this research is high efficiency permanent magnet synchronous motor. The output and efficiency characteristics of the motor dynamometer can be seen in Figure 2 . Through the analysis of the motor experimental data, we can find that there is always a torque point max m T  with the highest efficiency at any motor speed. Hence, we define the torque at maximum efficiency as the reference of the motor torque.
Considering the computing burden, the one-to-one mapping between max m T  and the motor speed n is constructed through the off-line data fitting as shown by the green dotted line in Figure 2 . where c and p is the fitting coefficient. The order of polynomial is determined based on the cross validation to avoid over-fitting.
Figure 2
Efficiency map and maximum-efficiency curve
Optimization objective and solution
The yaw moment generated by differential tire forces of four wheels must equal to zd M calculated in section 2. According to the force analysis of four wheels vehicle model in Figure 3 , the longitudinal forces of wheels and yaw moment can be calculated as follows [3] 
Equations (16) and (17) are the equality constrain condition of the following objective function of torque distribution. The objective function of the efficiency-based torque distribution strategy is to keep the efficiency of each motor as close as possible to its maximum efficiency point, i.e., max m T  . Hence, the objective function is defined as the sum of the distance between each motor torque and its maximum efficiency point. The drivetrain energy efficiency will be increased when the objective decreases. In addition, as mentioned in the Section 3.1, vertical load variation has a significant impact on vehicle dynamics. Thus, the vertical load need to be taken into account in the objective function. The optimization target is to minimize the objective function, as show in the follow, 
The torque distribution problem comes down to solve the quadratic programming problem described in (20). The above objective can be converted into the following form, 
Minimum power loss-based strategy
Moreover, we have obtained the power loss data over the entire speed and torque range by bench test of the motor. According to [10] , the drivetrain power loss loss P and motor torque m T roughly satisfy the following equation,
is the fitting coefficient. As the longitudinal velocity is assumed to be constant, the control objective of the minimum power loss-based torque distribution strategy can be directly described as follow, 
Results and discussion
The simulation is evaluated on a co-simulation of CarSim and Matlab/Simulink in this section. The control effect of proposed torque distribution strategy is compared under two working conditions: sine steering and step steering. The main parameters of DDEVs are presented in Table 1 .
Sine steering test
The first test is a sine steering test with a 0.05 rad steering angle when x v =70 km/h. The simulation results are given in given in Figure 4 . The performance of the MPC controller to stabilize the vehicle is analyzed first in Figure 4(a) . Since the sine steering is applied at t =2s, the vehicle becomes extremely unstable without any control. However, the MPC-based vehicle lateral stability controller is able to reduce the values of sideslip angel and yaw rate and keep them to track the desired value quickly and precisely, respectively. Therefore, this MPC controller can stabilize the vehicle effectively. Figure 4(b) shows the torque of four wheels with three distribution strategies. When the vehicle goes straight on the horizontal ground, the torque of each wheel is uniform. When steering, the torque in vertical loadbased strategy changes with vertical load changes. And in other two strategies, the differential torque between four wheels can generate the desired yaw moment to stabilize the vehicle. Figure 4 (c) illustrates the comparison of drivetrain power loss of three strategies. Throughout the simulation process, it is evident from this figure that from vertical load-based strategy, to minimum power lossbased strategy, to the developed efficiency-based strategy, the power loss is gradually reduced. Meanwhile, the significant energy-saving effect of efficiency-based strategy is confirmed compared to the other two methods. It is worth noting that when t <2s, the simple uniform strategy but at expense of vehicle stability and energy consumption lose more electric energy than others.
Step steering test
To further verify the effectiveness of the suggested method, the step steering test is developed with a constant 0.05 rad steering angle at t =2s when
x v =70 km/h. The simulation results are given in Figure 5 . As shown in Figure 5 (a), the vehicle spins out with an increscent sideslip angle when there is no torque distribution control on four wheels. In contrast, the above-mentioned phenomenon will ameliorate a lot when the MPC controller takes effect.
In Figure 5 (b), we can find out that no matter what strategy is adopted, the DDEVs are unilaterally driven after stabilization, instead of four-wheel drive. Compared with the uniform allocation, the single side drive torque distribution method can remarkably reduce the energy consumption as shown in Figure 5 (c). In addition, the efficiency-based strategy minimizes the power loss during the whole simulation process. The better performance is achieved compared to the others.
Conclusion
The present study proposes a MPC-based torque distribution strategy considering vehicle lateral stability and energy consumption for the DDEVs. On the basis of the co-simulation results of CarSim and Matlab/Simulink, following conclusions can be drawn, 1) The 2 DoF reference model is able to determine the steady-states of the vehicle;
2) The MPC controller is able to improve the handing performance of DDEVs by forcing sideslip angel and yaw rate to track the desired value quickly and precisely;
3) Constrained by the desired yaw moment calculated by the MPC controller, the suggested efficiency-based torque distribution strategy can minimize the drivetrain power loss as much as possible based on stabilizing the vehicle.
